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r.r.: ri.:;v%':ii:.? rr.vxi-A c- v.. •:T:?S '. DT: TO IO::I jro P^OT.WIO:; ggiga 

q ^"ho Uotullcl rwchanlon of occondary rhoto^iuTcnt [lenenition in trarolotoro duo to 
ohort pulufio of lonlalnr, »M'lii-tlon lo dlocaiood qiiaiiUtatlvoly und tl» rvsoulto of 
0.2 uuoo)fluoh A-rjy cxporlnsnta üJ*C oxplulivHl*   llio dt-pcndcncoo of tlw trunoient current 
pulco on trji^lotor tiT-o» radlution doao, Initial l)iuo level, und oxtorsal circuit ini-cd- 
unco uro prcü'.'iitcd,   A ixscuiblo ciiulvulcnt circuit controlled by otorcd Utoo clwrcco lo 
dcvolopod which r^-lxo it pouoiblo to prodict vovo oocuratcly the trunoient rcopouooo of 
muny truiiulotor clrcuito- 

Tho effects of the proloncod erpoouro of tninolrtoro to nuclear radiation have bee« 
etuiied for a nutibor of yearo end ocvcral outliora*"' have publiohcd accounto of their work. 
It la well out>blii;hod that t!w CUITU r.;y cotnai/jv.t of radiation producoa toi porury lonizu- 
tion offecto, Vücrcjs pcutroiw cause ix;n."..inent d;u.^o to tho ccuiconductor rutrrlal, rcoult- 
Inji In reduction o." tho carrier Ufotlrnj t;td tho dc^i'ydJticm of ccvcrnl critical ti*unolotor 
pjra::ot:rü, r:oUbly oc unl Ic0.   In contraot to tho littor well undorotood oltuatlon, rela- 
tively little consld'.ratloa Iwo boon (;lvcn to tJio bih'ivlor of a tranoiotor cxpoocd to a 
chort, Intcnco dooc of lonliil»^; rudintlon, vliorc luportunt trunoient effecto ulcbt bo 
expected. 

V.licn tranali;tora in the 4"roun.lod ciiLtcr confl£j\iratlon wcro expooed to 0.2 JJOOC pulceo 
of radiation frei t!ie Bcclr.i flash X-ray rucility, lar^a curi>2nt pulnea lUiVing durations of 
ocvcral pt-cc or looro vcre observed.   Tiicne rcsulto could not bo c>:plaii;cd dlroctiy on tlio 
buolo oT curront currier cor.ex*ution in tlio depletion realen or cdjacejit portlora of tho 
tranolctor, a»I thoroforo odditipnal lochanlo^o veva oouc.ht to explain the prcccnco of tlw 
lone current uftcr-puloo.   IIc!tayü liaa ol.ccrvcd ül:illar üffeeta in traralstor typo otructureo 
wht:n cxpoccd to alpha p.x'ticlco.   lie refcru to thlo curx'cnt un o cccor.dary pho«oc\irront us 
diatir.nüulu-'d frei the prltury current flov/lv.j In the depletion rctr.lon ut th« tli.c of tho 
radiation pulwc.    It lu poatulat-.-d tlut t'oo produetioo of carrlcra In the tranolator vlll 
caujo u te'.^orax'y ucouinulutlon of cujorlty carrlora in tlio baso rc-nion whloh«tcnd3 to 
forward bias too culttor Junction and thuu produce tlio ccconJary photocurrent.   Tho prcoont 
ropox-t will ouMJirlao tlie original worl; reported earllcr^'lv,, und px'coont uoiao additional 
recent obecrvationa. 

In the flrct oocticn of this paper a thuorotlcul unalyolo of the do-Utllo of tho photo- 
curront t£i" ration will bo preoonted which allo;;o liuantitatiw cati:.ateu to be wide of tho 
expected behavior of uj;iy tyivsa of tranalutoro undor varlouo opcratlna coiidltiono when 
in'adlated with ohort ruloca of ionlain^ radiation.   The next ccctleu will contain experl- 
ittr.tal rcüuitj o'j-caincd vrlth tho fla&h Il-i'ay und a detailed co;.'.va-i3on of toooo reoulto 
with the theoretical prcdlctlono.   Hio eloco u^recrsnt between thooiy and exicrlacnt ullowa 
the dove lap w.nt of on coulvalont circuit whle'.i lo dor.cribed lu tha third aoctlon.    Tha 
ecoontlal b lü-vior of thlo circuit lu controlled by tlio flow of charcos in and out of tlia 
bace region of tlw devlco.    xhiu circuit xvprcccntatlon aalieo It now pouoiblo to px*edlct 
tho trunoient xvapoiioo of uaay cli'cult uppllcutlona. 

IOIWJTICAL All-^rJlO 

Chari'o Built'un in raoo Hi.^ion 

In order to c;cplaln tlio effects of ohort puloca of X-rayo on tranoiotora, lot uo con« 
eidc-r fix-st the case of tho 2:;33'a n-p-a oillocn croun-Junctlon tracaiotor operated with 
tho 'hcv.c £T!on and unlforialy ixTradiatcd for 0.2 jxacc.   l.'o viah to calculate tho collector 
(or emitter) current as a function of tiix.   Iho folloviny ueqaenca of ovento will bo 
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uouuntnlj 

1*   Ilolo-olcctrou ivilra aru crcatrd unli'Oii-ly by tlw rudlutlon throughout all tlireo 
rcj:loi.3 or tho truncintor. 

2. In tho l>aco (for en n-n-n), clcctvoTiO dlCfuco to thu collector Junction ond or« 
collcctod«   Hole:) cir.) IcTt bciilnd to fora u rocitlvo c::ccaa clvai'co, 

3. In tho collector Lody hoVi dirrrao to thn collootor Junction nud drift acrooo 
to t);o l>£i33 xv^lon, thu» iiiol'* ..-i:^ tho o^occo pjultivo clwrcp In tlw IJUOQ, 

U»   Tlio toul tixocoo r^.Jci'lty carrier cliarco In t^io Uico forward blaocu tlw cnlttor . 
Junction, rcsultlrc in idr.ority ccrrlcra (i;)cctro*io) flcult^ nearly oiijultanoouoly Into 
tho buoo frca tho c:dttcr.   ^hcoo carricro ca.icijoato for tho execoo bueo clwr^c and 
proviuc cpacu cli-rjo noutrtlity. 

5»   Tha injected Ldnorlty carrlera (electrons) diffuco to tho collector Junction und 
oro ovept out by tlw rovorco bina field t'.iuo couti'ibutlnü to tho c/.tcnial current u« 
lon£ uo t>;o execoo Lujority cbar^o rcr.ui:.s otorod in tlw bacw reclou.   Bocauso tlw col« 
lector difftuilon ler^-th, 1^, io i;uch cev-xtcv than the baco width in tho 2ii33ö, t)w nuaJUcr 
of holoo uvutluble in tlw uarw Zva procoou (3) Gi^tty cxeecxlo tlwt fi"oa (2),   Thuo, wo 
ouut invouti^ato holo ciuvent into tho baaa frca tho collector. 

C»   Ilole-cloctrun recombination in the base m.d collector ia a continuoua procooo which 
coyotes with tlw chux*co builds in tlw baou ki.d which ultl.xitoly taheo over« 

uao of 
V/o my calculate tho total positive chirco flowing fi*oa colloctor to baoo by mklna 
f tlw diode reoultu of l.'. L. Sro'jn who calculatco u hole current, i«, of 

^crf(^) 
1/2 

for t< 

Ip - V% [erf ^ * ) 1 2 . erf   [lli)      ]       for t>tp 

(lu) 

(lb) 

whoro 

(i •» 1.6 JC 10*19 couloibo 

C - conoration X'ato (uucua? COO ta- duuo in oilicon) 

" 10ö rad/ooo x 7 x IO13 palro/ca^ - rud 

• 7 X 10 -^ pairj/cec - cu3 

1^ - dlf "uaion len(jtli for holoü i» colloctor 

tp » length of lonialny pulco " 2 x 10*7 ouo .. 1 

f - hole llfctliaa in colloctor a 2 ^icec .  . 

I.'ato tiiat uncertainty in (; dao cither to lnaccui-atu data on raiiatlon rato or Qonar« 
utlon efficiency will affect tlw cjacpiltudo of tho recult, but not tho tluu depondenco. 
ülw tiaa dependouco iu, howovor, clo-oly related to "CL which io QOBOtully not accurately 
known« 

*lw total charge,A^i, paaüln« into tho baco lo clvon by 

1. II (t)dt (2) 

Graphical intocration cliouo that for f.^ ■ 2 >iucc, 955S of tlw total charca hao entered tho 
bacc after 1,0 pec.   IThla io illuctralod in Fig. 1, uhore the holo current, lv, and tlw 
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ch.rtp,^.t uro plotwi ua fu:.utloa or tL'.j Zcax o<;uatlORa (l) unU (C). 

L» allltion to l.'An.i flo'/lr^; iu rrD.j Via colh^t-jr, nlcüti*on.i Icavo tJw Lane ly dlf- 
fi-ion to t'iQ colluctor Jcwtloa, tlvxa riuL'wv l).or>.H«]inj WM r.ct xusltlvo c:\ari,o in tho 
U-:;:.    U'lfaoiit culaaiu'-l^.., uo ill,,.".-.« c..;3-cL '.;..■ c-:«:»t;u dvir^B ©»'löl»«»^-.: 1» tl» baoo to 
U4>a»t to wl>oat o.iJ tiM-'i u.' tl»o to.^l (.'-., - 5») ui.l Tot* It to uooiv.'J*.Ui 1J» O tluo Oi tlvo 
orilf.*' o* oovopal tr.-.-.u.U tl:i.3, fvut lot "j coja as tlio ij.ci.kr.w pulai is ovur.    *.do con- 
tiluutioa la cl'io c!i£f7a In llj. 1. 

Uvl.lontly fj t.:;occ3 cliarca In tlw 'iv..';2 vlU foi^u'd blaa tha crltlcr, cauoo currcni 
to rio.i v,;! taua p/oljc-i V.:: o'.LOi-vcd «iu.v:ut pulcu. Üir.co V.10 k'^j tx'ujujlt tiro, t^, lo 
about lO'*' t-o, cc.v. :■ j to en iil:'.i cut-or* fPO«iusBüy ok' IJ i'0| vo voiild ar^cct tlw 
CiUttop foxvnrd volt'.ja {-.>l l»2n.70 f.;c c::;.u'i..l ca-rcj.t to iolloj t'.u c".-i:\,o bulLlqp in tho 
buoa, erji hu.üo to x\. A!» U I.-::1:VU o;.- or two I'lcrooooonda cu'tor tljo X-ray polou.   I'.cccca- 
Wnation pi-ojocsca vill lat.ir caucc kic «u*vc*.t to <lc:.v. 

Ccvoral coi.'-c^'xucua or i!w ubu/o t!»;-')-*-,/ t-r.d culcuXatloci i.v;y kj uclu^od froa elcu2n- 
tury coi.ülC.-r-i-io..j.    In l!:: i'lr^t idvico, ul..co wo evo iloalliij vitä u trumiutor UIJDCO 
eultter iu ull^atly r^.'.;...'.! UiccJ by t!-, •; vi l-.l collxctoz-to-criltkyp wlk.^o, uny Inavcooo 
In tho citt. v-t>-....-j vol; ■:}: vill u ,••1« In UJ c.::vc-; i.tlal li.jiXw-.-c lu tluj curiX;nt,    Ilotf- 
cvor, t'.:ic l^Uor voltu;o In u trwr.-.'üwOi.* In IKSV.) nltlvo to lia-^o cliran^o in tho applied 
collco^r voll ..,• co lor- ^j f.-: ir-Lsil l:..]-"^-:.\ volti.^.o la rot ur.pnvxolvjj too elocoly. 
Ccjc.'.lly, tho tofd tih:.e  i v:c;i'.v.'.!z:t> I in fu L-co io proportior.rJ. ta I1!* integrated radi- 
ation di^o i'cr/M i t-,«^,,   ;;. ;co, n v.r-v ctvci^ depcrdunao or p^otoeun'ent on rodiatloa 
intonoity ciuald lo o-cti%\ J.    *ac relation xrlld \;< ho c:.poiX.nLial Vueauao, oa vill bo 
chomi later, t!:cj cliui'jj-volta^o relation at tlw cuutcr is non-llxoar. 

Diatrilrtitlon or r,. lM j    r j 

\'o no;/ wish tu ir.voatiD-'to in üo'c-ll tho phynlcal riroccooco vltich occur ut tl»o ojittor 
Junction raid in tho basa Uaj to charwa confiixu ;r.t in tha batx».   thla vill lead to u dla- 
cucaion o? tno rolcn or tha doplotloa layer capacittaco a:d or tho di.Vuslon cajjacitanwO« 
Ultiijritoly vo wich to calealauj tljo peal; rhotocurrum; vldch vill rcault TAU a (^Ivcn doa* 
Oi' radiation. 

Cojisldcr tho diopooltlou or tho c;:c..;-.".j charco.    Clnco thoao excoca clinrcuo uvo major- 
ity carriora, they ulll ixiarraiicc t.M..':lvci In tiio c/ckr of 10'^" cccorda (i.e., inotnn- 
turooaaly) in cu.-h a uay tliat tiicro io 1.0 Hold in tho U.M;O x-c^lon.   Chtjo, uncoi^Xinoatod 
ch'.U'ccc can t"iut o:ü!y at or near tlio "sirracu," that in, on tiic dcplotlon la^tsr capaci- 
tancoo.    Ua :v..iii tulnJ: o* c-x^; oi' tha crccoac holeo In tho baco oi' an n-p-n tranoistor uo 
noutraliiiin;! '^■>- c>.' the ncr;atively cliai^d uto.;j vhioh fOAi tho b^ua ui.lo o* tho depletion 
layer capacitance, tuna briicln^j the "platea" oi* the "capacitor" clo^or together and in- 
crcuolnö tiic capaoit^nicc.   'Ihua, t'.ij forf.u'd valta^o aoi*oao tiio ealtter Junction io 
incrcauud ui^l tiio cuivont tla'ouöli tl;o Jiuiction incvoabca. 

h'o vill now calculate tlie h-ir.o charge,, AC^, rcrui-cd to chw.jo the voltage ucx'oaa tlu» 
dcpJjOtiou lay.:r tid cc;.'_i.;ro it ulth t!iat ..w.ll. „Io duo to tl)0 ll-ray.^,    In the 2I.'33<J tiio 
cLdttcr doplotion luycr er.p.iCit;'.nco, C^, varlca vith volta^o ac chovn in Fie. 2, in vhlch 
0.Y5 volta arc a'Ucd Tor tlw built-in lotentinl, V0.   the cuitter Junction io aocuLcd to 
bo biased iui-lally at a tyiiual value Oi 0.13 voltu for.;ard ai;d to obey t!iü c^uatlon for 
an ideal diedo.   '2hua vo aivive at ^ablo 1 relating Io; V^j, C^ und/Vciit 

In addition, tho collcctor-to-baL'.e voltc^o cliai^oc by tiio ouiu amount aa V^ and tlw 
collector ocpiciknco jiaat ali:o be charged.   Llinoo A.ic = Cc xAVco«Y x 10~12AVC, tlici>3 
raculta about a 10^ corroction to A'-ij, at I0 

a 1 ca,   'iliic correction vill bo De(jlectod.. 
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TAEI- I. Calculated Current Dciicndonco of Chorco Stored on Depletion Capaoitanco (2K336) 

xo V 
(volto) 

cl Al, 
(coul) 

2 X 10 -6 
10 J> 
10-3 
10-2 
lo-i 

1 
10 

♦0.13 ^ 
0.31 •J 
0.375 51 
OM . '■ 

0.52 60 
0.^3 C6 
O.67 so 

6X10-12 

10 
15 
g2 
30 
51 

The cliarcu uvullablo due to IxTadluUcn my0bo calculated us follcvo.    Qlnco tlio bar 
IOMO.32 ixa oiiiuro, the Juii'.tlon r.rcQ lo 10-3 enr«    TUcn froa I'lc« 1# baood upon a 200 nr 
doao, (i^.i » h x 10"' x 10*3 u k x 10"^ coulo;.£j at t « 0,2 ^aoo arid approxlmatoly 
10 x 10'-*2 oouloub at 1 ;iocc.   Tina, olnco photocurrcnta of the order of 0.15 oa are obser- 
ved at t!ila dojo, there 1» fair agrocnont between tlio ciurco available and tliat required to 
Charta dupletlon layer capacltunco ua llotod In Table I. 

It la aiiiux-cnt tlöt uo coon ao electrona bc^ln to enter* tlio baco from tl« eclttor, 
they will ncutralizo aoiro of the cxccca holca on tlio baao aide of the depletion l?yor* 
Tlioro ulll In fact bo oet up a (pradlont of electrono In the baoe corroopondlna to the cur- 
rent flow.   Glnco there must be cpicc-oliar^o neutrality In the region renoved fron the 
depletion layer, tlio mijorlty carrlcra will rcarrance thcuaelveo contlnuouoly.   Tlilo moon« 
tliat oocn of the excosa holco vlll »over cfi to tlio depletion layer.   Thua, at every Ir.otant, 
the total niuvucr of exceco bolca In tlio Uiao uiut bo tlio ouu of thooo accumulated on the 
depletion layer,AQ^, plua tliosc paired with eloctrono In trannlt by dlffuolon acrooa the 
baoo,^^.    Thlo latter nuubor may bo oaally calculated, oltlior by an Intccrutlon InvolvlDg 
tlM dlffuolon caiuultuuco or directly frou tho current in tha foliovir^ manner*   Wo have 

I.eDu^   A 

If Z ■ 0.15 ua, tlio electron concontratlon ^radiont la than 

'     jiL - 2.3 x 10l6/caU 

ix 
for a 2H336«   The char^o^Qo» ^ tranait acrooo tlio baco lo 

AQ2 -<lAvn-(iAw-^- ^5" 

- (1.6 x 10-19)(io-3)(io-3)(0.5 x 10-3)(2.3 x IO16) 

« 1.8 x lO"12 couloob 

(3) 

w 

'2ha total calculated charco, (AQ^ +AQ2)» required to cupport a current of 0.15 ma 
la then appra-iuataly 25 yp couloab, 'xliia cotoorcs fairly veil with the 10 mi coulomb 
produced by radiation« 
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In t\K r.i/ovo C ion o:' tho rwcccnca in tlva toioo melon, tlv w wno a oououtot 
ox'bltrary dlvlolon or c::cccr> cUar;r; bef.-rcn i>rl'.tloa loj/cr end tlimu',lon capoellüncoo. 
It iau;t l;o mnhzalscd t'ut Uio tot.a e::c'jü3 l.^o chws lo utlllr-cd ol'-ultcnconaly in turn- 
Iro tlic tslU-.T Jitjctlon o.\ onl n'JUtr-O.l/.ltu, tlw rooullln^ minority cM-rlcra aa tlwy ontor 
tho lx:=3.   The tircn iitvolvcd are ull c;:Uv;i.ly chorti lor CX-L^IC, holca nwo ocrooa MM 
bata In p^-JUiixj 10"10 occonlo nj-l clcoir.n'a cvosa Cw emitter Ixuvlor in obout Vuo oaao 
ti:xj, vJdla olccti'ona (In t'ia £11336) dlfrnso acror.a tlw baoo In nbout 10"° oocondo.   Thoe« 
tira jtiy oo ca^JJxi vith tJxa 10"° scconb inquired for tha nccyrulnticn of execao boiio 
cicrRo,    Ix, la orrurcnt th-U in tho 81133(3 ull jvocuaoco e::a:.pt booo charu*« aooivmlutlon fcr« 
offcctlvciy olsaltauooua uvl lnctantaiv:ouo. 

Corrovfir.rm of TH'-v-lntor Ttiyrn 

Ml of the nbovo ccdcvilatlona cv>y bo jxi^ated for other tyi»co of tranaiotoro vith only 
Bdnor Dodlficutlon.   Ma will illuotrato by connidoriiv: tho clvü-co bxiildup In tho booe» of 
the follor«lnG tuo devicca: 

1.    A p-ü-? t-v.-'tiiin clloy tvcnalntor hr.vl!;jfv» (baco) • 20 jujea, fn (coll)««0,l /woo 
(cutiruto), Dn - 10, p_nd w » 3.5 x 10"^ en (C^l no).   Tliu VOIIJO for Di; io bauod on tha 
c;:oui)tia\ tCt fw n:>'illty/;«'iCO cc?/volt-aoa at occcptor conccutrationo of IO1*' - Kr'cm 

ordUcr wvl coJl^ctp;?.   nion D.T;^ • 1^/<1 • l/'iO. .DJjta on/t vnA'ara r.-on E.Conuoll^. 
Taen Lp - (Jtf x 20 x J0-^)•L/,- u 0.03 ca, LQ » (ID x IXr'O 'fc - 10*-* cu.   Tho baao width, w, 
ic upp^oxirKvtily 0.1 L0 an I 3»5 In» 

;.'.   A p-n-p fjjmmiu:« alloy poJcr tranalctor with oiKilar Lp und La to thooo in (l) ubovo 
but wit!i 0 nuch greater Uiac width, w» 

In davico (l) tl»o baco la t!;rco or fo-r ti;ico aa wldo oo t^ in tl» collcictor 00 that 
tho contrlliution to total chore2 fr(J,1 holca Icuvirc tho baoc ohould bo donlnant over tliat 
dr.c to clceLro.^ ai'rlvlrc fron tho colleotor by nbout tVa 00:13 factor.   Tlw baoo trunoit 
tiin lo t^ « 1^/2 Dp «» 1.3 x 10"V ccc.    Th\u, all cliarijo ohould bo aocuuulutod within 
0.1 or 0.2 poo of ium-off of tlw X-rayo und tlio oxxrront pcul; ohould bo attained in tha 
ouxu tiroo. 

Tho casa Ui'tuscnto apply to tho po-tr translator exoopb that tlio baco trunoit tina lo 
larccr and honco tho tlnn«.to»pcal: of tlw baoo cliarcc rxd of tho currcx:t paloo is larger 
aloo.   Tublc II cui.nr.rlsca tho oi^nificact infoj'iutlon ootliaatcd for oil typco of olloy 
tronaiotoro,   l.'oto tlut tho base contribution to total baoo clux'co lo douinant except in 
tho laut two cases, whoro tho baso thlclxoaa, v, ia of tlw 001.0 oixlcr ao Ln, 

T/dlLE II.   Eotiuutcd Tltio-to-Pcak for Vai'louo Alloy Tranulatoro 

^ td E.-.t. Ty (base) Eut. TliM-to-Pook 

5 kc 30 pec 300 pee 30-60 pec 
10 16 300 15 - hQ 
70 2.3 75 2 -    6 

100 1.6 ^ 1.5-    1» 
500 0.3 30 0.5 - 1.0 

1 BC 0.16 LJ 0.35 - 0.6 
5 0.032 5 0.3 

10 0.016 5 0.3 
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Tha culculutloa of tto ch-yrjca, A^^ un(lA\,i on tho dcplRtloii-lcynr wad dlffuolon 
copacltancoo rccpc.itlvcl^ CD-1 of tba ch-rcoi Qriid» PWiuccd by rcUotlon rrocccao in t\io 
OJW3 v^y i.tj for tl« w.'3jü.   TUo rcuulta fcr four trtnalntoro on vhlch cxtonalvo cxperl« 
ncntul dutu uro ir/ullaUo uvo E^JU In Tublo HZ«   U'l» current AIrux io tliut which ia 
tyi'loaliy oUicrvcd for a douo Oi' 200 Kr*    *lia ojvocinont bolvocn tho cbtr^o aooumd to huvo 
been produced by radiation anl tl.ut required to produce tlw oboerved curivnta ia excellent 
concidcrlnc tho rar^,co cad poaaiblo crrcia iuvolvcd.   The fact tlut the ratio 
(AQi ♦ AvV.O/ui-ad lo oiwiy» Crater tU^n unity n'.y inJicato thut tho cotiuitco of radia- 
tion intoooity era lov, but ouch a result any bo fortuitouo oiuco t!io Junction urous, 
capacitances, etc* uro not very veil Ijio-n. 

Soccuso of the ii..porUi^o of tlio diffusion cupacit'inco in certain oituatlono, it is .. 
It is cliovu by vun dor Zlel^3 

of a trcnclutor la t;lvon by 
dcolrablo 
and by Ear 

to cv-lu «to It for tho devicca vo ui-c oonsldai'ins* 
ly1' that the oulttor diffusion oupacitonco, C^i oJ 

c2 ■ CcoA.5 ^ 

vL.^rj 

(5) 

(6) 

io tho d,c. ccailuctanco of tho enittcr Junctlon4 Equation (5) lo valid for frc<picnclo« 
below focCu^« Cfff^,)« Above f^ , Co dooivasco with increasins frequency. Tuble IV clvoo 
Cg for four of tho Uevleco under invosticatlcn over a uldo ranco of operating oonditiouo* 

DCEnJEaKfJ "SUMS 

It io now possible to apply tho bruilc Ideas outlined above In order to predict certain 
properties of a transistor under Irrcdlutlon» Lot us first consider tha current atA voltaco 
buildi,p, then the effcote of rocozblnatlou on tho pulso decay, tho dependence of current on 
radiation rate and bias, tho duvlce behavior when the base ia not open circuited, saturation 
effects and VM effect of a tranovercc baso rcslctanco* 

TABLE III. Calculated Charges In Various Transistors Resulting frca a 200 nr X-ray Pulse. 

S^ ^222 V/. E. Alloy 

Biso width (cw) 
E:;dtter /oraa (cu2) 
Collector Area (cuf-) 
AI^ M 
^i 

(^ 

(w coul) 
d-ix coul] 
().\]X coul) 
(jTi coul) 

^^rad 

10-3 
10-3 
10-3 
0.15 

. 23 
2 

25 
10 

5 x 10^ 
2 :; 107 

4.5 x XO* 
h 

100 
100 
15 
6.6 

0.01»* 
0.13 
0.75 
170 
200 

3.3 x 105 
3.3 x 
2.5 x 

1.3 
i$ 

k x 10-3 
1.2 x 10-3 

5 x 10-3 
30 
5 

5000 
5000 
500 
10 

:.-lJ. 
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T-'JtfS IV.   CulcuLitci Current Dcx>ciidcnco of DiXTuolon Cujwcltaucco for FOOT Trunnlotor Typo». 

C2 iwT) 

I ('..)       Cf.Q (»Aoa)        2Ii33<S 2:yj2        211099 U. ';. Alloy 

-1 

2x 10 
lO"'» 
1G-3 
10" 
lo 

1 
10 
25 
50 

lüG 

10-5 
IO-

1
» 

0» 
)i r. 
kx 
k* 
t,' A 

0,h 
1.0 
2.0 
J».0 

-0 
5x lo" 
0.OJ5 
0.25 
2.5 
25 
250 
2500 

0.0 
0 

CO 
Ceo 

2000 
1*000 

0.06 )lf 
0.57 >if 
l.'t ^f 
2.C   >if 
5.7   ^ 

1*0 
400 

h,000 
ko,ooo 

Cmn-cnt rrl Volt '-n D»!] b<n 

rii:iu*o 3 o:iv;-'u typical ülitiltoocono citfiTont and volt^co pnlcco obtalnod froa o 211336 
n-p-n cllico:» (xoia.-jiu^tlon traualutor. .    Tl» trsruil^tor vao ov<cratcd uith on cxtcrr^l 
kioc-to-ciiitu.'r iT^latijiou, T ;j, oi* 100 K un-l tliu ciu'ivut vao ijonltorcd with a ICTJ Impcdanc«» 
ctirrcnt proixs vliicli uva plitcca lu tlio eolloutoir-cnittcr bloa cli'cult.   Tiio volta^o, AVj^, 
vco j.v:r:i,urüd ualic u M'Jx taTcdcmco pro'.« butuocu bacu aiid c-ilLtcr contacto.   Llw acuocl- 
ctud flnuh i>ruy palüo wuo tdao rwiUto/cd aid ohouod tljit tlw X-rayj ctart ut tlva OIüä 
tlic tliat tlio Ufuiuia^iT pulaoa ctart to A'liO tnd that tlio X-rt.y V/uloo dm*ation uuo upproul- 
cntoly 0.2 pace»   Frou tho Kl^^uiv w r.co t!ut tlio currunt und volU\;o loth contlnuo to rioo 
for nearly' 1 /lüu« aa c-;.)cotcd frou tlti calculated du-To0 buildup In o (jrown-Jur.ction duvico* 

I'o nlco obscrvo In Fl;;. 3 that tlu voltu^c pca!-aj at a I'itor tLvs tlian doca tho current« 
Llw obocrved d'-'Li^'u v..ry frou 0.0 to 1.0 juice IXJII^ larger for cadlcr Initial biao lovolu, 
lld'j dulay lu bollovod to bo duo to tlic pix-cunoo of a fairly hi^i trunovoroo baao rcaiutanco 
In tho a.336.    (Vuia rcolotonco ia cvldcncud by oo.iü aiiltioiVil ccaaurcrKJito doacribed bolow 
IIVMV an «i;v',jxx;nt iworoo bloo lu obcoivud on tho cidttor Junction cvon though forward 
:urrcüt lu i'lo'./lri;j.)   'i'ho tranovoroo baao xvoiatanco \/ill cauoo tlw observed doluy In tho 
Joult of tho jü-juüiu'cd voltücü pidoo, AVJJ.«, If MI osctornal baao-to-crltter canacity, Cj^, ia 
.ircccnt oinco tho rcaoarcd voli>.:^c will'than la^ thu internal baaü-to-enitter voltcco/ 

t^t which dctumlnoa tlw obooi'vod collector cia-rant. 

Olhcr tranaiJtor typca (p-n-p coruanluu alloy ilcvieoo) ahow olullur bulldupa of 
lun'unt pulseo.   Tho peak buildup tinao for all ti'Jiialotor tyico iiüucurcd thua far vary 
Vow 0.6 /UJUC \Q to about '{.0 ^U;üO aa ohown In Table V.   A cc/^urlcoa of theao tli^o with 
;lio vuluea calculated in Tablo II 0:1 thu bacla of tho quoted f^ chovo ordor«of-iücnltudo 
crociaont but i<rol;ably tho dlccropanclea can bo ottrlbutod to t'ao lack of c::act laiowlcdeo 

of tho pertinent carrier lifctiijeo and diucnuiaia of each icdlvidwJ. tronolotor typo. 

ffect ot' RccorAinatlon 

It lo clear tliut, In tho bane, tho exceoo clnrcco.vlU rucaablm with charceo of tho 
(Pijoaito cicn wMcli aro in transit frou culttcr-to-collcctor.   In the thrco ßcrmnltm alloy 
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V.u.l.: V.   Ca^urlcoo of Trunalcnt Current Pulcoa Cbtalnud froa Vurlouo Trunolotor« 

1%   - i.   * Uoaoured Suuo 
Uuotcd 

Peak I ceo Tina Decay lUoority Cai-rlor 
Ufutluo,L> 

Tranulator 
(«5 

ot 200 sir to IVuk Tina 
T/vo (m) ()io) W M 

P:.? Alloyed C rcrmnliun ot C.k Vj 

7.0 CxJ jaiop9 0.07 300 72 
asiv* 0.07 300 0.7 hi 51 , 
»309 1 to 1.7 11,2 9.65 
i':i3'>i 0 35 0.7 1.1» 1.59 
... j mm 20 1.0 7.0 5.99 

L:j.i69 12 15 0.6 0.7 1.13 
I-'Iij-.X) 30 13 0.6 1.5 1.33 
23534 100 6.5 0.0 0.5 0.56 

flKI Cnr.fn nillcon at 6 \ 'i 

:!1I336 (TI) X5 0.15 0.6 1-2 2-3 
ü.j36 (ü.:) 15 2 2 k 1.5 

tranulatcro alrcudy dlocuaocd (rjI393# 2II1099, W, E. Alloy) ulraoot all the cxcccu unjorlty • 
cux'rici'a in tlte Loco ux*a required to nautrallso tho minority ccrriora In tranalt. Tiiat lo, 
for p-n-p trpjaalctorsi 

■"cxccca " 3>n (Alloy Dcvlcco)     (7) 

clwx^co la Juat tho idnorlty carrlor lifotli:^, iL, in tho 
iuy instant pAWortloitJ. to tho nu).ibor of r.duoriiy carriom 

Ihm Hid lirctinu or tho execao 
baao.   ßinco tlu cvu'iXüit lo ot any instant p^partlonal to the nuiibor oi' rdnoriiy can-lcro 
In tho hose, it fullova tliat tlio current will decay oxxtoocntlally with a tluo conutuut 
ciual tofp. 

Tho laat two coluiuii; of T^blo V show tho coi-parloon Lctwoon t!io obccxTcd decay con» 
oU.ntu of the current pulaoo for different transistor tyi'co m;d tlio minority carrier Hfo« 
tiJiicjo for the baso ro'-,icna no ccaourcd hy tlio csthod of Eeaufoy enl CparlW8^5.    For tho 
oiloy dcvlccu excellent ii^rccii^nt ia obtainod thus oujiportinc ^^ c::;X•c^atlon tlmt tlao 
ourrcnt decay ia controlled by tho base rdnority ccrrlcr lifeti;.io i/Iiontvor tho diffocion 
ccjacltanco la lai'^o eoi.'jaa'cd to tlio cudttcr depletion capacitunco» 

Tlio fro(iucncy deicndonco of tlw crdttcr diffuclon capucitanco nay produoo en oboorv« 
ohlo r.inilt in a tranolotor vitlj a vary low alpha cut-off frequency euch ca tho 2111099. 
Ii> i.'-,.i', L'.rvloo the irdtial ruoh of udnority currlcru freu tho baoc to tho collector by 
'U.'iV':.;.oa will result in on coually sudden Influx of U so minority caii'iero fro« t'ao oiaittor, 
'j.h;.U' i^radual notion acroca tho base will correspond to tlio o'udual incrcaso in Co.   Wo nay 
uecordiucjly c;:pect to oco a baso-to-euittcr volta-o that decreases ouldcnly for a^tino of 
tho order of 1/f   and tlieu contimca to decoy uioro slowly -uieivaftcr ac a result of tho ' 
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uauil xvcouMuatlon psvicsooa,   PiMUrirviry ro^nurcccnto of tl» pliotovoltar^i AVpr., in tb« 
*:.hyj lir.vu ol»»/!» a rutlicr olvxeo «Iro? durliv: Uio flrut few sdcroaccondu followoaby a uor« 
iiOi-.ul dccf.y.   T-ilo Lch .vlor la ut leuot vidlUtivoly In ocxccocnt with tba onpoototl 
froiucn:y Uwiondciiuo of thu Uir*UJlon cap^olUuoco In thlo dcvlco* 

For .U« Lli336# iKwovor, Q oul-otuitlta fructlon of tho execoa »xvJorlty exurricro (boloo) 
uru in tlw üi.;>l«H«n luy-.r.   Ülucu they iu«o tt,uU>illtci ty lonluca ucccytor utota ratter 
tJiun by fiX'O olculvuvj, tJv^y do not ufiuut tlu» x\jco:i>lii-tlon ralo.   TUwo, vo ctocct (l) tho 
ciuivnt to deccy taeo cloJly tbua tlw tlnoirity cwrlcr lirctlus, t^, would Inllcato, and 
(.'?) Mio d!;u(v' ill» cliould bo lowest nt lower cia*ivnto, becauoo a l^rccr rroiwtlon of tho 
c:;cco3 currlci'o ui-o t:nn locctod on t!w daplotlo» li-ycr.   Cuch Uliuvior la In foot obcoivod 
('jNiblo V) for civs l>Kinl of L1I.33J (noneral Elcotrlc) Inrt tl» rcoulto uro «;ucotlomblo for 
tbo other (fleoata lustru cnto) X-r^cly duo to vucortalnty In tl» ilfbtluo ocaoura.iont*   Ro- • 
produciuillty In t'.jo nououvouonto could not bo rclilcvcd for thlo particular trunuiator* < 
TIio expected uoiytnionco of docuy tlivi on Initial current IcvoX, I0

C, too been oboorved a« 
obown in Flc* '♦ far u typical unit* 

Alco cliom» in t!icco fl^uroo aro tlio corrcriiondln^ banc-to-cwlttcr volti'-cco vliich, in 
each oaooi decoy now ola./ly l!v.n do tl» ca.nv::poiKllx<; cux*rcnto*   Tldo rucult lo expected 
for tho til3>j vhcre C1> C.«, r.li;cc tlio current ecu V.r.xi beco;-» on c::püncntlal function of 
tl.--- vjlt.iwc.   It la rartlMV iiiteixctlnj; to nouj thit tho la.Kt curitnta clvo hijwr ^ioto- 
volt.\,cu.   'i'alo Is ocuood by iiio lover dlffuolou cupuultuico (proportional to current) 
puralttltu a laro'T fruotion of t^ie totuX ck-rco (conotant in each ouoo) to oitpcar on tho 
nearly oniotant ac.dotlon oopueltanoo« 

In PIß« $ V.)Q dccrylnj current uo a function of tho photovolteco lo plotted for this 
omro tranalotor ao ui;ll LO for the Uaotovn Slcctrio alloy unit.   It can be neon that tl» 
volt^'.c dooays at tltu ruto o: 'jo U) (0 ciilllvolta per doct.de of cunrcnt, which la very 
nearly tao eq^ootod valno o; CO itv/docadc for a forward biuccd p-n Junction at 30üu K uo 
calculated fron tlu rolatlont 

m I - I0 a 

Effcctc of H .cHntlon Do-o 

(0) 

Another rc-uult of tho fact tliat in tho alloy tr-'nniotoro twat of tho execoo obarQM 
aro ro^xlxod to ncubrallae rdnority oarrlord in transit iu tilat tho pcaL current follovina 
Irradiation r*..v.>.ld lw pixiportlOQal to tho total doao (for doaeo dolivered in tliwo chart 
ooiuiarod to tho llfctinc)« Tola folloua frcw tlio llnorr tlci*2nilenco Ok' execoo clurco on 
total doaO| and froa tho fact tlut eurront la propoz'tional to tha total nuuber of minority 
corrlcra in tho baue« 

If, horjovor, a tranalotor voro operated in ouch a way that moot of tho execoo charco 
woo on tho deidntlon layor inatoad of noutrali2ij<5 tdnijrity carricra, tlio above conaluolon 
would not be valid, Sinco tlio chanco in vulta^o, AVr-, ocrouo tlio eüdttor Junction lo 
Clven by   • 

^l-clAVbo+Vbo^cl (9) 

where tho latter teru io nc^licihlo if C^ la nearly conotant, and oinco tho current followo 
tho dlodo equation, 

I - Ift (o 
<lV/li 

-1) (10) 

11,;. 
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It CoUoua t!i>t In thin cr.trcae cuao (vliorn Cj » €;>) uo would cxpoct tho pooh current to 
be un cxiHJtwntiuX function of total dos? fur Vlx.-d initial blue ourrcut* 

TUlo cor.cliu-icn rlj»t bo olii'jitic; n^Uflcd by tho fuct that tho depletion layer enpuc- 
ituaeo la a function of volUr.-i.   Uiuee t'uj &SJ36 Hoc bjtuccn tho alloyo cnl Uta above 
cxtrmw, ono ui.Jtxt c-poct inVexmdioto bohuyior.   Tublo VI IrUicatca tho r«lutivo cir^ifl- 
cancc of 6.1 -r i A  , ut diffnoat current levclo in the C333Ö.   Abovo 10 ca tlw oaao Mao 
and x-..ai'»tlun dcpeiuonooo hold as in tiui alloy cuio, whoreao below 1.0 ru wo approach tho 
cutivcu euco dcccribcd abovo. 

Plruro 6 ohova tho dcpcrxlRnao of tho pc:iK photocurrent on the received doae for three 
typoo of trunointorc.   Vho X.ll'yj und ti:c Z'.yji uro both p-n-p corttuniua ulloy tronciöloro 
oni exhibit u lit car dooe dopcutlonco bocauoo of tho proUadnanco o* tho diffusion cupoci* 
tonco in theco (kvicoa* 

For the £11336, hot/over, the diffuolon oupucitüneu chould not prcdovdnato bolcrw 10 sa 
00 that ut tho lo.ror initial curnrnt levclo the photocurrent chould rice exponentially 
with inevooolnc dooo«   Fli,uro 6 vlvivo thlo to bo oppixjciuutcly tho cuno with tho euxrout 
incrouoinct Vcn-fold for a dooo incn-'aoc of only a factor of two.   Actu-illy, un exponential 
incrccco would not le a •trui^dt lino no obova in I-'i-j. 6 but rather would incrcaco a llttlo 
tore ctecply uu the doco levels incrcaoo»   Slut civsii a otcep rii>o la not obecrved could 
partly bo duo to ccutter in tlso data and partly duo to tho ouuet of a noro linear douo 
depenaonco ot tho hlj-.cr current levclo. 

rffoct of Irltial VUn T.evrl 

In tranalotoro for which C^»^ tho cai.» orsuoonta can bo urcd to chow that if do« 
vicca uro bla.ied at t\:o tilLToront curr« nto, I   i'nd 1^, the c^ux radiation dooo will cause 
cqtul inorousnta in eurrcut.   Wwt ir^Al^ "AI^.   On tho other liand, If the depletion layer 
cupjciUtncu, C^, io dc:in-Rt# the olumco in current, AI« will bo a linear function of 
initial biua cuxrent for fisod total .ioso.   Shut icZiIu ■ {lJl0)Alo» 

C;:pcrlRf.nt-.lly, ti-v-^o conclucloi:n are verified.   In FI3. 6 tl:i piiotojurrcnto ere seen 
to bo iDdopcndcnt of iritial bluo for tho 2I.'393.   llwevcr, the photocunxnt in tlui ill'.jjO, 
in oontruot to tho behavior of tho ulloy device, is not isdeponlcnt of tho iritial biao 
level oa oho-n in Pic. 7i inatt;.id, it lucre uv; ulc-ly as tho initial eollcator ourront io 
incrcaoed.   'Jlilo (h;p(.ixlonco, walch io IntoraoHnto bot'.JCL-n a linear variation (C^ cc "inant) 
und a oonstunt vuluo (Co doaluant), is c'tiiectcd olncc tho ob:;c:r/>.d photocurrent:; of fraa 
1 to 30 tu canae tlrj cfJcctlvo vaiueo of Ci and Co to bo of tbo c.iivj ovder of rx'.y)itulo. 
At levor rorliutloa dosco tlw dopendunco on initial blao level would bo tiore proiioiuicoJ. 

Ti'iEIii; VI.    Calculated Current Dc."..::;,loiiec: of Relative Chür^o Storajjo on 
Depletion und Dlfftwlon Capacltanceo in u ü;.'336. 

iQ M A^i (coul) AQ'> (coul) 

0.01 
0.1 
1.0 

10 
100 

15 x IO"1*- 0.12 X 10 
A] 1.2 
30 12 
51 120 
10 1200 

-12 
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}:.'f<'Ct of cm f :t« iT:tl ?• r'^to-^tttcr ro:ilr.t..neo A 

Tlvo rolo of V.\o ülffuolon oc^icitutico, 0%, !•    ^i-.trjllli^ tho curront doouy In certain 
ciroivlt upplioutlono vltcru tho bauo in not opoa, • MI now bo cxplnlnra,   Onco a ourrcnt haa • 
buun not  iy In • trcuuiictor, o cliaa^o In it corr«;or*n)do to o chunco in tho nunbor of nlnor- 
ity aurriora in thu Uioo.    Ilono, tt«> dlfrucion eupaaituico rxut bo charccd or diocharcod 
by cvurcnt  flow into or out of tlw bono.    If un cxtomal ruoictanco, IV-, in connoctod 
bctvorn bnoo and cnittcr, wo miy c^puct o current decay with a tir» conotunt f» (njjjj*rb)C2 
wltoxu rb ii tUu internal baoo rcoloWnco. 

Conolior tho 2^1059 for which C;,«l ^f ut £0 m«   lliua wc havo dcc»y tiwo» of I nllll- 
occoni for RM - 1000 ohru ond 10 yuico for i:-; ■ 10 o'aca.   la tho flrut innt.i.co, th»; doouy 
tin? vould cert .inly bo dotendned by rocu^)'ii)'ttion oinco ttiu buoo lifotlm oquulo 60 >uioo, 
wlilJ« in tho ooconl cniio it would bo detomliMd by tho cxtcnuvl circuit«   Thu intornal 
n-il'.'. .i.oj, r0, aoaociatcd vitli tho bono region in a CI1IU99 i» ro^ortca to be of tho order 
of IS) oluno. 

Xor tho HKIOC^ it too bcon foimd ttot vavylnc tho cxtenwl baoo-to-cnitter rooiotanco, 
PJ,J-., h>o no oijinli'icant effoct on tho f^-'h v'It'Q of tto photociu'i'cnt uo chowh in tho upper 
cm-vo of Fir;, ü ».iu-TQ tlio c;ri>orlji;nU»l I'OinU» «Iprcccnt (in rundoa order) I'^a valuoo 
ruiKlRCI fi*«^ 0 to^o'.vca.   Thin rouult In c^.vct i boouilM of the rhort builibtp tlm in this 
dc-vi<iu QiHCpwod to its lone dectty tiru \;'.ictlK r it lu duo to reucuijiiu'tion (C, ■ 60 ^mcc) 
or to c^teniul ditcharoB of the diffusion oupooitanoo witlch io Int^a,   Uoucvcri wuon tlio " 
Up., dropo lau cnou,,!» for [(n^;j ♦ rü) Co) to bo of the ordor of 100 unco or Icoo thin the 
PULJC d*: :ay tlm will docrcauo.   Actuiil incuoiuiH;jr:ntn of u oorioo of current traces illus- 
trate taio iut'tdr behavior.   TIXQ decay tiiocc, ucnled from these traces for vurloud valuos 
of li-j, ur* uhoun in Tublc VIZ und tuty bo usod to culculuto tho values of tlio intornal 
hi: o rcoiut«.nce, r, , ucd tiio diffusion capacitaoco, Ooi fron tho rolation for tho decay 
tliau, tdi 

fr- *  /■    Av. (n) td T /j 
rbTc: 

wtioro tho bone lifetlrio, V , io-cxmrOKimtoly 60 >ueo.   Tho vuluoo obtained from ouch a 
process are r^adü ohua uia CJCüU.ü /if.   Vhoco rusultu (obtained fron current pulses 
Uoouyin^ frou 300 ua to 2 i~) urc in excellent ugeGOBtaX with tlu values predicted above 
tujd in Table IV. 

TADLC VII.   Current Decay Tim as a Piuicticn of Bxternal Daoc-to-L'initter 
Rcciotioico for tliu 21110';^. 
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In t'w : »3^ Un al.Tunlon cupjoitwi»;«» lu tftMi. %00 ypt ot X • W OT.   7\\ia lenda to 
ti<n oanotuntl o; 0 iiccu w>l 0.05 ^'«o f«* ""   valuno of 10C0 and 10 olu.« roni^Uvcly. 
to «» «oi.;H.r..»-nw. tlio iviuvoc-Arivnt jnü^o Im ,Ui for tlm 283)0 vouJ4 bo »ktomlnca by tl«) 
oxt.i»i»JLl circuit for idl Jt-> • Xcoa «^u oloit i-^O o:u.u.   UnfortiwatflJy, po ucour-tc datu 
U.vj yet Ucn ouUiliicd Tor i\\ia trcnulator for lew vuXc.o of lU, (urouia 200 oh;o or co) 
ut coiijt.;nt Ui-u luvi:lu bolotf ui'tiu'-tion, 'out «cnortcd rlcccu u lorormtlon Indlout« Uut 
i:r!. tua uo cCkXvUi ut valiK.« Uowu to uu la-/ to CC'-O oluit.   ITK) ncxl ooatioa win i«rcaont 
OWVJ data t'uo.li« tho effecto of Ux ou a otturutcl &&, 

.Tit'i'-itlon C.'foctn 

In all t!» prcot Un-, aralyoco, no rcotrletlon boa bo<»u JOü^Jä on MM r^aiatlon intco« 
ülty nor on ü»c> J J. LIUJOC of tlw iriiotocmTCDt.   Xn naut ulloy Cvlcco tf\ rv t'.w ooUoctor 
rculutlvlty la lav, LWJ oidy llidtitlai on cuii-uot vlll bo fw WbUXW of tlw tn;iÄio- 
tor to aicoipat« u.u xvtaltln-, ttemal cma'cy.   Jloucv«;*, In n (jowiJ-Jwutlon dcvlcu ouch 
uo tbo itl'jjo or in uoot dlfficcd ötrueturta, tlwro lo a VOUJ.'.HJ Oroj) In t!» collßctor boOy 
due tu t2)c clr.iiiriu.iiit rccittlvUy of tltut iiclou of tho truculcton   Xf thla volu.^-c drop 
o'i'i-'la tliu Q9UoU colUctor-to-Uaio volt-'-o, tUo tiunalotor curr^nt will bo lofcimted crid 
vlll rci'.ilu co ui»Lll roco.ultntlon la tlw b.;ac rniucoo it.   At tlx DL^H tiro, o;io miot 
eiltet very ctrora coi^iiwtlvlty swluLitlon lu t!ic colloctor booai^a of tUt» J-ircu nuuLcr of 
bole-aloctron i-lx'u i-rodiwcd th.-ro by tl»u X-r.-;'.*)*   Ilonca, tlw »vi-l;,v joo of the coloct^r 
rcdoti will Inurcuso uo tlv-'so corrlcra ruco^-iic and tliu cuUu-.aiott aurrcut will (prudvully 
duuicouc with tliu. 

Xn ocncrcl, tiao tyix> of bclisvlor vuo o'jacrved In tho fiUJJÖ vlwn IntuUBtod with cotu» 
ratine doocy ubo.-n 3 rocntccnu.   Flciuru Ö oliwo oor/j of tJjooo ciurront i>a\i:c deccy omvco 
obtulnod ultl» v ivlous v-lura of lip ;.   Tlw early i»-rt of fw dcooy oeoan while the dcvlco 
lo cutujMUiü, with tha current dooinjaalBg co tlw ctuTlera rcoc.ilr-e in tlie collector body, 
t'uu.» inurousins Ito rDSiotunoo und furthur lltliiao UlQ flo"-1 of current.   Uvcntually, ut 
tUu "ljuiu,,"'outui,utlou" ouda end tiiu nor..ul decay follow.' 

It In Intcrt'Otlu;; to noto t'nt frou u oli^lo croiih ouch uo Flrmt 8, It lo poaclblo 
to cjtliuto botU tie roolotunt'o of tho collector rt-^lcn and Xi'fi wliiyrlty carrier llfotli», 
T.ui intrluoio colloctor rool-tr.nco, r , u.y IJO found by dlvl>4«m ^w allied volta.';o 
(6 voltü) by tlio utirroot ut tin tiunoitlon point (^O ta),   Por tlila putrttaulor unit tin cul« 
culutlon olveo x^ftri^O o'a a.   Thlo ruüult co-u^wo fuvorably with t!» vuluo o* 100 olva 
cctli^tud I'rora tik» unau^id collector roclJtlvlty of 1 ohra-oa aid tho dljucnolono of 10"3 a? 
by 1 ua.   Tlw collector lli'otluc, t",,, ia.iy bo catlrvitcd nlnco It coiitrlo tho oaturutlon 
cuivcnt.   At P..'!-. ■ «©tlw eunMnt wotdd bo proportional to n0 ♦4B0*,^5i fran which It 
uppe^ra tluit tau collector lliutisu la fraa 3 to 6 pace. 

Wie reduction of Brg 1c cocn to x*oault in a Maovtiat chortor effective decay tit» of 
tlw enccuo c^vlcro in too collector und to cuuso tlw "loioo" to ooour earlier and at lowar 
cvuv;.;. .. 

Effect of Tr:'.riivcr;30 Taro Rf.olr.t-.njo 

J/hen tha Iwoo of a tranolatctf lo eonneotod to tho circuit tlirou^h a low ii..4-)caaiico# tlw 
iwjorlty carrlor ciurcnt aioMinz out of tlw uauo can cause an internal voltage drop ccroso 
the trujjyvcroo baoo rcfjictanco of tlw device,   'ililc action lo olnilar to that enoouatorod 
In a [.olio, utato toti'Cdo.   Although euch u flo;/ of tnjority con'lcru alwaya dovolops a 
tronovoroo voltaoo viitiiln tho baeo ruclon of Miy tranciator, tlw Ktwiitudo of thlrrvoltaco 
lo ucceutuatod in O'O'./ii-Jiuwtiou tr-iwiutoiii iKicauuo of their hl(;h booo rcalcbancc.   For 
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VMo rcuaon aorn oTCuetM of tlia Uiuunrureo baco roaiotanco will cow bo ooooldorcd for th« 
.I.j,«> ücvlcu* 

Itcaulto o" t*ic cTcct deoortted ub7/o WM flrct noticed c;^fcx-luM»tally vlicn tbo 
eonaan collector ccn.'ljuiiitlo» or u :i.'336 u-vllflcr circuit VüO ImUlutod in Via envlit»- 
i.» lit or tlw läCla tcot rccctor ^t Liwrtcav, C-lifon:iu.   During tho U-.Acrouocoi.i yuloo 
frou t:ic ruuetor it vun noted that both ;*n Juuctlots becuu) U;^?o.'urlly rcvcrco-Ulu^od 
even t'lionch a collector eunvnt or 0 to, v.is i>x'C:;unt.   Flcuro 9 o'ious the Uutullo of the 
obi;erväd ciu-i^nt ciui volVi^os at tlw peak of tin pulco.   It vlll be noted t!wt dm*lnc 
"I'or.'ard" tr.ouslctcr cuiivnt flow tliero uus on oimarcnt ruvorco bins of about 3 volto on 
tlic e;jltter-bau; Junction and a ucmd revvruo blao of about 19 volto on tho collector •bun« 
Junction* 

To coiU'lru the poiclblllty tint a trcuulctcr could p^oo a current In tho forward direc- 
tion tliroiv i» u rovctiuo«bloood culttor ,\\<i\iiion, tlw folloultv; e:tivrlcx»nt vuo p>:rfonnod with 
Wie flieh X-i\iy oour.JO.   TJic circuit Uüed ctr/loycd ti.'O external bcttcrlco to develop a 
rovorso blao on ooab p-n Junction, vltu tlio Uutury volU>;;cc (3 volte and 63 volts) telna 
oll^tly Ic.ra thnn t'iooa which voald moult In )MX'CP eunento In tho c::Ur.«l circuit 
(i.e., brcnLdauti)«   T<v.u>i iurcp voltOGco vl-Ica tl« tbi'lctlon re^iono end tlwitjlv reduce tha 
width oC t.vc IK»V'/.-piloted booo rejlon to u LtiidUiu, thtis 1:mediae tlio trunovuroo flow of 
beco CT.*. ut üO i-ueh 03 po.inllilo cuid cu'u'.r.dr^; tlio u'^ltiuio of onj* trouevcrso busc volteco 
t.:..i -.djit ü.v.loj.   Upon cu>«Joctlivj tlio truiulotor to appra:luitcly out rocr.t^cn of X-rayo# 
an urdttxr ciu'A-nt p dno o*' Ü.5 tu vuo observed which flowed In tlio oau direction ao tha 
d.c, current aouooiutcd wltii a fovwiard"4ilaood Junction.   Clnco tlto 0:^011101 battorleo r-ln- 
tuln im appi^vnt ooiHlitton of rovoroa bi.a at the tex-jilnalo of the dcvleoi It coeu^ rcuoon* 
able tliut a tüuiovorco voltaic wast bo devclopln,'; In tlw büco ao oho^n In Flc» 9 which 
poandtu a foivard bluo to eclat at tlw rollen of tlio cidttcr-Laoo Junction wldch lo furtlioot 
fro.i tho baue load«   ilovcwv, on o:* Wfca to-.'xu-d tl.o baco contact clone tho c:ilttor-baao 
Jiir.ctlon, tlio oiso of tlio dc-plctlon region incrcaoco to tlic extent th£t a condition of 
vofvoroa blua cxluto In thnt portion aoovost to t:io baco contact.   Tlio collcctor-baao June« 
tlon io evoryubaxu revere blcscd.   Too dual depletion roclcns c&uoo a pinchln:; ciVoct In 
tlio L .:/J which suctaina a rutlier lar^o trai^vcrco potential durln^ tho biu*ct of radiation« 
Tivj ix&mwao yolt^-jj In the buco io a tranalcnt effect, dccuyln^ to>/urd iu.>xx) ao tho exceti 
charg« cciiccntratluu deorouooo« 

Tho ift-iipiltu.lo of the expected trcr.yvoruo vol"t.\.-o drop can be ectiiaatcd by eODoldevlag 
a 011111«^ n-p-n ctruoturoi t!io jl'C^ totrouo tranalctor.   In tlilo dcvlee, which la cicdlar 
to tVio .'i»3jö in olootrlool ckiractc-rlatica euch ua cutoTf fi-c^i'^ncy, etc, tlxu roclotanco 
of tlio laue rcjlcn ai:t;."ecn tho two k-se contacto has a dcolcn-ccntcr valuo of 10 K ohsia. 
TIUUJ tlila tcti'O'-j tronulutor ro^ulroo a baoo-to-bacc owcrout of only ICO >u to produce a 
trunovurso volU;' e of ona volt in t'.ic bacc X'oclon.   Kio rosulta of tho irui'4a pulco reactor 
tcato ohown in I'i.'j. 9 i^y ^0 uccd to cclculuto tho obocrved tramvoroo baoo rcilctanco, 
Tlw erittcr Jiuictlon woo initlolly forward biaccd 0.6 volta wliich, when added to tlw ob» 
oci-ved traaslont novoroo blao of 2.C2 volte, yiolda a tranevcrce volta^-o of 3^2 volto. 
l.'lUi un observed baco cuivent of 210 fu v.c obtain a valiw of 17 K for tlw effootivo trono» 
vcrce bacc rcoiccanco.   Thio valuo w^paroo very well with tlw value of 10 K exiwetod for 
tlw oiailurly conütrueted tctrodo device. 

EQÜ1VAU3W CIBCÜIS    • 

Tho rooulto of tlw offocta dlccixisod uo far can now be used to construct an equivalent 
circuit for tany translstora which should fairly well dcocribo tho quantitative tli/c» 
dependent behavior of euch devicco when expoccd to short pulcco of ionislr^j radiation.   Tha 
equivalent circuit should bo oucnablo to insertion in en cnuloc cocputcr ropreoentation of 
a cciploto circuit which could bo uceful in iwedictlnc tho clrcuit'o rooponoo to"'tranoiont 
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m'Uuvion xnOooa.   lUa circuit xwc^ntci «ill Uc j.vv/rjlly oi«i»llcaolo to anuy typoa of 
tf-iu:istoio but WJ«O Uwvoloptd in r^rticulr.r for tlw 2i;33ö U'rvico. 

Fi/'uro 10 i;hv..j t». ;,1; .■U."i> ■! cn.dv In.t ali'uuit und a block ul> ,,r.ui of tin anuloQ 
ca-ipuUT fui^Jtliuji» Moooousy for ito i>ivj<:r u^.i'utioa.   I'ho buclo p.^ucral pxxwcduro cunoiota 
of li)Cüi*tliv*: cxooaa tUtti^ unto tUo otltU-r-bauc Uni»lcticn und tJliVuuiou c-. .-.■.•i«- .i......, Cj 
and Up roQpcaVlvalyi by ittaoa of tlio eurruub onbruUVi 1,, wtduU rci>rvj:ioiau L»iu iiifluK of 
cxuoßu tujority oarrlam inio tlto baüo.   Lliult ivout'ly, UKTO cxecoa clr.r./.o cun loovo 
tin buuo by two Bodn&lstBi   cither (1) by rcca bimtion vith b»ao rliiority e<:rricro os 
NSroomtnd by tlw nccutlvo cunvut ucnorutor, i , or (2) ly flouin^ Uirwi.'^h t\\e trunn» 
VCI-JO UtCti Koiof .non, rütl uxui out tito buoo lcu<i# a, to tiio oult'urr, >:, tlu-ou,;» tho c:rtür* 
nil b-Lio-to-cidttor iirc^nco uldcU, in title uuuc, Inclwico only '•■■_• und c   • in i^.r. lici. 
T3w ivnultlnj tlm^bpwdDBl intcx'nal baca«to-cr,ittor i^otovoltaco, AV^, iu tlicn uued to 
('.nT.to tho ti'cuuiicnt collector current, IQ( vltidi in tum iu used to ...it r coutinuouuly 
tlw Vuluo of tlio anrroBtHUVOBdadt dif i*U3ion oapuoitunco, C2*   Tbu oboervud cxicroul 'but«« 
to-crdttor i>liotovult<,u, AVj^# u^y aloo bu noiiitorcd* 

Upnolfiaally, tlta tiru-dopendent vuluo of i,, uuy bo obtuincd exactly frota o^uutiono 
(: ) ond(lk) vliich, for tlw ££35, dcfinco tho cujor contribution of priiuxy boln cm-icnt wiilch 
cJiarcoa tlva iavjo xoclon*   11M rccoauiuation currvnt, lr# io dutendnod by tlw excuuo obar^o 
on C^ oiJ^ cud io Given by 

lr (t) - 
A^o (t) 

(12) 

vhoro the voluo of A^t) io dctomiiiod by tho inctiintaneoua valuo of tho pho1^'©!^^» 
AVba(t), uccordinj:, ^"thu rclution 

(13) 

liquation (13) in obtaljv!d from ciiution ($) and builc priuclylca.   AVl/Q(t) io aloo uood 
to dototnlas tho rcsaltinj colactor cuircnt, I0(t), uocordiiic to 

n AVlXi(t) 

vldch, in tuni, dctcriiinoi» CgCt) tlirovv'^ 

c2(t) -eg 
IJ 

d'O 

(15) 

la tlio ubovu proccduiv cortuin OOOUB^tlono have been nado for rcaoono of ciiyHclty 
au follouu! 

1.   Tlio primary photocurrcnt of holco from ctdttcr-to-baao la ncüHjl^l« connarcd to tliat 
fxom colloctor-to-biaot 

ü.   Tho prliviry i>li0vocurront of oloetrono Icavln- tho baco io nccllaiblo compared to i... 
3.   'i'lio varlutioo of C^ duririj tlw tranulont la Bocli^iblc, 
h»   'iha collector dcnlotion cupaoltunoo ic a.'ull cos^ayod to C^\ 
5.   It la iain*;ccücary to coonlder tho parutwtox'a C^, C^ aul r, + ao bclivj dietributod 

aloiia tho txfencvoruo uli'oction. 
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C«.   7h<: emitter te}y rwlotun« It; ir.'/.JU.lMo. 
Y.   Uic'»-!«'vol liijoctloit doct not occvx. 

For tin uw/'.turctvl r::3."!<j t'rao «•'««'•.»tJIcn» rru o'?friclcntly volli but for other trun« 
oletoro ovih votUd li'tvu to N> rj-<vnl>«ttc<l. 

•    A corica of ox^OVlnantiil oljO.^nRitlono, omi,ort'-<l ^y ■ qiiiu.tltatlve tlworoUccil anal* 
yalo \vxa doflncd t:»o cnoontlal fcotumu of tlw rcuixinou of u trauuliitor to o ohort piloo 
of y.-i- yo,   Tbo oWcrvl efCbotO can be o^iviulnod ly ths ter^or(.ry otOA-ut-p of xxijorlty 
ourrlcrj on tiro (ici*Xotloti-Iuyur uA dlfiUjiun uupacltuxoao uueociated with the oedttor 
Junction. 

Cpoclfio obcorvatiano vlilch Load to tlilo corvO-unlon tux> the fullovlnc;! 

1. A dolrycd bulld.o of tlic ocoon-Uuv current pulco follc/lic flnsb X-ruy irrudlutlon. 
Thlo deloy 1c utiuicd I7 tJw dlffnr.lon tin of currlora ftroa tlw cjllootur bo4y in oeovn» 
Junction dcvlcoa but by bi:»o t)\^toit tlio 1». Xpu or mdlir» tfaqxmaf allo;' t^l^oa, 

2. TM trhOiOis&t ciuvnit yuloo C-MI r-'-J'» •».(.•••»"v; UR* okwrvc«! bor.c-tü-o:alttcr roltugc, 
3. At lou carivnt l.vtLi, wiwn d..*:»!* tion-l^i-or ccivicityico iJix-Jotdutcs owr dlffuolon 

c;..) •.citir.co, t!>'j pauk curr ub l» ak-ioct 67^KM»iitlrJJy dupondonfe on tbc rudlutlon iozo 
received, vbsraiui ct lii^u-v outTont lovolo tlm Cirfajlon capocltenco la doialnont end tho 
pftal; current lo liroerly üu^iundaiit on r-diution .loao« 

h*   .Vn Invuu.x} In iniülcl biao level will lii.tro.tco the observed pbotocurrcnt at low 
current levolu but will bivc llttlo or no cfrcet ut hi^hor curir-nto. 

5.   In oltuotlcna vtwro t.'io (UflU'ilon ccpijitunoo la doulnc&ti t:io decay tire conotant 
of titc current >nilae la tin ouiiki ua tho idiuviLy carrier lifcl;i:.u in ti.o base, providod 
that tlw ext-inul baoo-to^odttor Is&xktanoo i'.i cufriclcntly Mcht 

6*   Por rcl.»tlvely lo/ eutcmal ba»a>to-oalttür ronlutanceo tlio decay tino conotant of 
tlio cunxjjit i'ulr.o la dotonduod prlnclpally by UiC pxX'duet of Ulla reclotanso oixl tbo 
Junction oapooltoaooo» 

7.   Ci:tiu*-tioi» offecto in tho ^KSSo can bo explaij«d by rodulution of tlw coUoctor body 
rcciatance; 

Tho ttiiyiitmle of the ccoond-ry rhotoei'.crcnt x^ulno i-ay bo catiruted for varlouo typco 
of truriJiutoru fro.a oalcnlutiorj; of the oycllablo C'.MV, ,e due to radiation.   Such eatiuutco 
havo been found to be in cood apmetnont vlth tho obßorvud pulaca. 

A oiicdo t<;ulv>'loirt. circuit oi' tlio ti'unelotor follo\;o natui'ally from tlio thcoroticul 
doocription of tho prococüca vlilch occur after Irradiation.   Thua tlio prediction of cirouit 
behavior under ol'idlar radiation coivlitlono la i;r>^atly facilitated. 

In cplto of tho fact that a crcat deal of e;rix;rlMcntal and thourcticol infonration haa 
been obwlncd, uwh iwro work lo oooooeoxy in order to oharaotorisso coiylotcly a translator 
in a pulccd X-r^y cavlronraont«   In purticulur, it ic nceosüary to c::tf;nd tlio invcuti^atlon 
to other tyrcu of devicoc, caiJcclally tiio-o with mucb higher ftro^uonoy capaollitleo and 
witli dirfcroivt ccoMctrico.   Gocondly, tho effects of «rtornal circulti'y nust bo cja^-dncd in 
noro detail,   A third oonowvl iux:a for further ctv.ly la tho effect of loncpr radlutlai 
pulooa ouch ao are produced by linear uccüleratoru (1 pice) or pulsed rcactox-a (lüOjiuoc). 
Finally it should be observed tliat it lo desirable to undcrtaJco a lioro dotalled quantitative 
invciitication of tbc tixaa dopondenco of tho cbaroo conccntrationo In tho buao region wlilcb 
produce tho observed eurrent co;i^ioner.ta in tho transiotor.   At the present time work lo 
unden-ay in each of those aroas. 
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Tbo outhors particului*ly vloh to octaovlcdoo tlw helpful odvlco ond ouc^eotlono 
rooclvol fi-u.» 0. L. Kclstcr.   In cadition, G. C. tbosencor onl C. Itosonbcrs contributed 
olcniricmLly during i.i.y Intoruotliv: dloouoolona.   0« 0* Ctovcno provided valuable 
aoolctonco with luny of tlto crsaourcuonls« 

Tvo of ua (D.S.G* und O.II.II.) vloh to (u^rono our upprcclttlon to tbo Doclrc Coyrany 
for tSto opportunity of vorliliij on tlilo problcn an Collecu Faculty Aßooclatoo durlnc tlia 
ouaaer of 19^1. 

Thlo vork voo oupported In port by U. C. Mr Force contract AP 33(6l6)-73:A oponoorod 
by tho /ulrunced hoocorcU Frojeoto Accnoy« 

1«   M*1JO effects of Uuclcur Rw'iUutlon on Selected Ccrdcooduetor Dcrlcoo." 0* L* Colotor 
und II. V* zui-.i.xx., Frocccdlucs of tbo I...: Vol. h'j, v.o. 7 (July l',/[). 
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■(VßE + Vo) (volts) 

FICURS 2». Voltaja dopondence of eaiiter dcplot 
ion capacitance. 
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I FIGÜRS 35. Current and vol ;a^e in a 2::3^6 transistor 
following irradiation by a 0.2 ^ICGC X-ray 
pules. (Upper ^rase: 500 ^a/cn; Lover 
trace: 'lO mv/cn; Time base: 0.5 ^c/c'-i; 
^T = 200 tar). 
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FIGUHS k.    Decay times of observed photocurrcnta and photovoltarjos. 
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FIGUHE 5. Measured emitter current-voltage decay curves follcwins 
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FIGUSS 6.    Peak photocurrent decadence on X-ray dose foi- three 
transistor types« 
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